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SUMMARY 
In the area of catalysis, substantial research is aimed at exploring the influence of 
catalyst supports as well as the size and morphology of precious metal nanostructures on 
activity, selectivity, and durability. In the past decade, efforts have evolved into the 
deposition of highly wetted ML of precious metals onto various catalyst supports. Similar 
to the use nanoparticle films, ML growth significantly reduces precious metal loading—
therefore improving material costs. Additionally, though, ML depositions optimize the 
interface interactions between catalytically active materials and their support to a greater 
degree than nanoparticle films, allowing precise tunability of electronic properties via 
ligand effects and strained overlayers. Previous work by our research group showed how a 
room-temperature electrochemical method (SLRR) for precious metal ML deposition can 
be used for putting Pt on Au films with and without a sandwich layer of graphene. This 
thesis work studies the efficacy of using this same technique, and another derived from it, 
for depositing Pt-ML on two unique substrates—three-dimensional graphene and MoS2 
thin films—and evaluates the resulting effects on electrocatalytic performance. The three-
dimensional (3D) graphene sample was synthesized by precipitating graphene on an open-
celled Ni foam before covering the surface with Pt. Optionally, the Ni can be removed via 
etching, leaving a free-standing graphene foam decorated with Pt. This presents an 
excellent contrast to samples with Ni intact, and introduces the opportunity for synthesizing 
ligand flexible catalysts. The MoS2 was grown at various thicknesses to achieve both 
horizontally and vertically oriented thin films. Interestingly, this allowed for the 
concentration of available MoS2 edge sites to influence the Pt deposition. Samples were 
 xiii 
characterized using SEM, EDS, XPS, TEM, and electrochemical techniques. Their efficacy 




CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Substantial research has been aimed at exploring the influence of catalyst supports 
as well as the size and morphology of precious metal nanostructures on the key catalyst 
performance metrics of activity, selectivity, and durability. However, for reactions such as 
ORR, kinetics remain sluggish leading to inefficiency. This can prevent technologies like 
PEM fuel cells, a device that promise high efficiency and little to no harmful emissions, 
and where ORR is a key reaction, from being adopted for widespread commercialization. 
To better comprehend and address this, it is critical to understand the reaction mechanisms 
for ORR. One simple reaction pathway consists of three major steps (Equations 1.1, 1.2, 
and 1.3) (where * indicates a catalyst surface site). [1] [2] 
 1
2⁄ 𝑂2 + ∗ →  𝑂
∗ (1.1) 
 𝑂∗ + 𝐻+ + 𝑒− → 𝑂𝐻∗ (1.2) 
 𝑂𝐻∗ + 𝐻+ + 𝑒− → 𝐻2𝑂 + ∗ (1.3) 
Based on this pathway, it is apparent that oxygen must first bind to the catalyst surface and 
subsequently get released as H2O (steps 1.1 and 1.3). These two mechanisms drive the 
effectiveness of the catalyst for ORR, and suboptimal performance on either end yields 
lower activity. The result is that the catalyst can either bind oxygen too strongly to its 
surface, making it difficult for the oxygen to leave, and causing it to take up potential 
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reaction sites, or else bind oxygen too weakly, making it difficult to break the diatomic 
oxygen bond so that a hydroxyl group can form. 
Sabatier’s principle asserts that finding the perfect balance between these two leads 
to optimization of the catalyst and reactant interaction. This Goldilocks-like theory is not 
just applicable to ORR but generally holds true for any catalyst application. It can be 
graphically exemplified by a volcano plot, which plots activity versus adsorption energy 
for a given reactant. Figure 1.1 is of a volcano plot for ORR and clearly shows that both Pt 
and Pd are the best pure metal catalysts in terms of binding oxygen but would benefit from 
weaker binding with oxygen. 
Additional hurdles toward adopting electrocatalyst based technologies for energy 
production include cost and durability of materials. Because precious metals remain the 
best possibilities in this context, catalysts can make up a significant portion of the overall 
cost in technologies that struggles to be cost competitive. Attempting to overcome this, 
most commercially available electrocatalysts utilize precious metal nanoparticles instead 
of bulk materials. For ORR and several other reactions, Pt nanoparticles are deposited on 
carbon black supports, a porous and chemically inert support. This approach lowers the 
amount of Pt incorporated in the catalysts and increases the ECSA, but it can significantly 
decrease durability as dissolution of materials, such as Pt and the carbon substrate, and 
Ostwald ripening begin to become problematic for maintaining catalytic activity during 
prolonged operation. Current catalyst research, which aims to reduce inefficiencies in 
activity and selectivity while lowering costs without sacrificing durability, has led to 
development of materials that significantly outperform current commercial catalysts. 
However, better comprehension of interactions at the interface between catalysts and 
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supports is still required for designing new materials. Moreover, this research remains 
fundamental, taking place on the nanoscale, without a pathway to widespread application. 
Therefore, new processing techniques are required to bring these high-performance 
catalysts to the macro-scale. 
 
 
1.2 2D Materials 
Two-dimensional (2D) materials are continuing to garner attention for their potential 
to further improve technologies that require minimal physical dimensions for 
improvement. [3] There is also significant research aimed at using 2D materials as 
heterogeneous catalysts and substrates for catalytically active nanomaterials. This is 
Figure 1.1 – Volcano plot displaying activity of pure metal catalysts for ORR based 
on theoretical calculations. (Reprinted with permission from [1]. Copyright 2004 
American Chemical Society) 
 4 
because 2D materials boast a tremendous surface area to mass ratio, [4] [5] and often, they 
improve interface interactions as the support for precious metals. 
The most well-known 2D material, graphene, originally obtained using adhesive tape 
to cleave graphite, has become one of the most heavily researched substances in materials 
science. [6] After the original production of single atomic layer graphene, bottom up 
production techniques such as CVD and epitaxial growth as well as top down methods such 
as mechanical and chemical exfoliation have been developed for more practical production. 
[7] Some work has even been done on synthesizing graphene in a roll-to-roll manner for 
scalable manufacturing. [8] The distinct attributes of graphene in the areas of mechanical 
stability, [9] electrical conductivity, [10] thermal conductivity, [11] high surface area to 
mass ratio, [4] and chemical inertness [12] make it a promising material for a wide variety 
of applications including catalysis, energy storage, and solar cells. For catalysis, graphene, 
or derivatives of it, acts as a promising heterogenous catalyst in its own right, but graphene 
truly excels as a support for catalytically active nanomaterials (e.g. Pt and Pd nanocrystals) 
in multicomponent catalysts. 
The unique attributes of graphene make it an extremely stable support that facilitates 
high loading of precious metals. Furthermore, when graphene becomes modified through 
the presence of defects or inclusions it provides anchor points with strong bonding between 
graphene and deposited materials, allowing for excellent dispersion across the surface. [13] 
[14] Shang et al. highlighted the impact that graphene nanoflakes can have on MOR when 
decorated with Pt nanoparticles by comparing their catalyst to commercial Pt/C. [5] 
However, this work did not outline the mechanisms by which graphene affects catalytic 
properties. Subsequent work by our group investigated interactions between graphene and 
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deposited Pt, showing how graphene stains the Pt lattice, modifying its electronic 
properties as a function of the Pt overlayer thickness. In this way, graphene can tune the 
catalytic activity of Pt while also providing all the support benefits mentioned earlier. 
Transition metal dichalcogenides, a group of 2D materials which have attracted 
attention for use in electronics owing to their direct band gaps, offer alternatives to 
graphene in terms of atomically thin catalysts and catalyst supports. MoS2, one of the most 
prominent materials in this group, has displayed significant catalytic activity toward HER, 
[15] but, like graphene, stands out as a support in multicomponent catalysts that are used 
for applications such as HER, [16] MOR [17] [18], and water splitting [15]. A cursory 
review of literature indicates that less is known about the surface interactions between 
precious metals and MoS2, compared to graphene, but theoretical calculations conclude 
that MoS2 would provide numerous excellent anchoring points for materials such as 
precious metal nano-architectures. [19] [20] 
 
1.3 Catalyst Enhancement 
Several approaches have been taken to overcoming the sluggish ORR kinetics 
described earlier. One such method is creating nanoparticles of precious metal as opposed 
to bulk metals. Observations over several decades have indicated that for optimal ORR 
kinetics, nanoparticles should be approximately 3 nm in diameter. [21] [22] [23] However, 
improvements in kinetics associated with particle size may result more directly from 
improved ECSA to mass ratio and the distribution of crystal facets. This is supported by 
DFT calculations which indicate that certain surface morphologies have greater specific 
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activity than others. [24] Significantly scaling down the catalyst size also yields much less 
expensive catalysts resulting from the increased surface area to mass ratio. For these 
reasons, precious metal nanoparticles are still used reliably in most commercially available 
catalysts. 
Additionally, interest has recently intensified for creating bimetallic catalysts (e.g. 
PtM, where M is a second metal) as a means of improving catalytic activity. The idea 
behind these catalysts is modifying the electronic properties of the main material 
participating in the catalytic reaction. Going back to Sabatier’s principle, bulk metals can 
generally be improved in terms of bonding with reactants. Therefore, tuning the electronic 
properties of catalysts in the proper way, can optimize their activity. Examples of this kind 
of modification include alloying, synthesizing core-shell structures where monolayers of 
precious metal encase a core of the second metal, and layering where precious metal 
monolayers are deposited on film of the second metal. Frequently, with these catalyst 
constructions, the second metal will be much cheaper than the precious metal, and as a 
result, the material costs of these catalysts can be much lower than traditional pure precious 
metal catalysts. 
Theoretical and experimental research in this area has identified that a catalyst’s d-
band center has a strong correlation with its activity. [25] In terms of Pt for ORR, a slightly 
down-shifted d-band center relative to the fermi level has shown greatly improved activity. 
[24] Two of the main contributors for modifying a catalyst’s electronic properties in 
bimetallic constructions are strain and the so-called metal ligand effect. Pt benefits from 
stronger bonded core-shell electrons, and therefore, selecting metals that can induce a slight 
compression in the Pt lattice and/or drain charge from Pt are going to perform better than 
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bulk Pt. [26] This is exemplified by the volcano plots in Figure 1.2, where the red dots 
represent experimental observations, and the black dots represent DFT calculations. 
 
 
1.4 Surface-Limited Redox Replacement 
As mentioned already, decades of research have been aimed at investigating the 
catalytic activity and selectivity of precious metal nanoparticles compared to bulk metal 
electrodes. Earlier investigations into highly dispersed metal nanoparticles revealed that 
particle size has influence on the surface coordination number and the fraction of crystal 
faces (111) and (100). [22] [27] Both of these have been shown to dramatically influence 
Figure 1.2 - Volcano plot displaying activity of bimetallic catalysts for ORR based on 
DFT calculations (black dots) and experimental observations (red dots). (Reprinted 
with permission from [25]. Copyright 2006 John Wiley and Sons) 
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surface chemisorption. Further research in this area highlighted the role that catalyst 
supports begin to play in activity, selectivity, and durability once particle size is reduced 
sufficiently. For these reasons, precise control over particle growth and dispersion across 
substrates has been explored considerably, and more recently, 2D catalyst films have been 
investigated. Through a high degree of wetting, these 2D catalyst films can have 
remarkable specific surface areas and achieve high degree of interaction between the 
catalyst and the support, allowing for precision tuning of catalytic activity. 
Electrodeposition has become one of the more popular techniques for creating well 
dispersed films of precious metals on a variety of substrates. Unfortunately, though, 
standard electrodeposition does not work well in all cases. Pt for instance, tends to form 
3D clusters at defect sites during deposition owing to its high surface energy. [28] [29] 
Often to overcome this issue, surface-limited redox replacement (SLRR) can be employed. 
This technique, developed by Brankovic et al. [30], is comprised of two main steps that 
include (i) the epitaxial deposition of a sacrificial metal monolayer via UPD and (ii) the 
subsequent replacement of the sacrificial layer with a more noble metal at OCP (Figure 
1.3). This two-step process can be repeated until the film reaches the desired thickness, 
with each new UPD layer going down on the noble metal layer previously deposited. The 
resulting film is generally much more uniform, ubiquitous, and precise compared to film 
growth carried out using standard bulk deposition. To understand why, it is important to 
take a closer look at the first step of the SLRR process—the UPD between the substrate 
and the sacrificial metal. 
UPD is a unique phenomenon that occurs between pairs of materials, where a metal 
being electrodeposited can be reduced on a foreign substrate at a lower energy level (i.e. 
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higher potential) than the required energy for bulk reduction of the metal (i.e. Nernst 
potential). The existence of a UPD between pairs of metals was correlated with the 
difference in work functions of the two materials by Kolb et al. [31] in 1974. This work 
went on to develop a linear relationship between the difference in work functions and the 
shift in potential between bulk reduction and the UPD (equation 1.4). 
 𝛥𝑈𝑝 = 𝛼𝛥𝛷 𝑤𝑖𝑡ℎ 𝛼 = 0.5 𝑉 𝑒𝑉
−1 (1.4) 
After this correlation was discovered, researchers set out to rationalize the drivers 
behind this relationship with an analysis of the thermodynamics involved in both UPD and 
bulk metal reduction. Sudha et al. outlined the steps as (i) moving metal ions from the bulk 
to the reaction zone, (ii) removing the solvation shell, (iii) electron transfer from the 
substrate to the metal ions, (iv) removal of solvent dipoles from the substrate, and (v) bond 
formation between the metal and the substrate. This more rigorous analysis illuminated the 
true complexity in predicting ΔUp, and terms such as the lattice coordination number of the 
substrate and metal, degree of substrate coverage, solvent desorption energies, and 
enthalpies of bond formations were integrated into a more dependable model. Furthermore, 
examination of step (iii) highlighted that the Gibbs free energy change of transferring 
electrons from the substrate to metal ions in the reaction zone depends on the work function 
of the substrate. [32] [33] Therefore, the difference in potential between reducing a metal 
onto a foreign substrate and reducing onto the same substance (i.e. bulk reduction) is 
directly dependent on the difference in work functions of the two substrates. This 
information aids in the process of materials selection when UPD is desired by giving an 
indication for which material pairs will work well together for this process. The selection 
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of substrates with high work functions and depositing metals with low work functions 
permits for formation of a metal thin film limited to just one ML, when potential is properly 
controlled. 
The limited growth of the sacrificial metal, thanks to the difference in work functions 
between the adlayer and substrate, then templates and limits the deposition of a more noble 
metal during the electroless replacement step. Furthermore, because SLRR is solution 
based, carried out at low temperatures, and generally minimizes excess energy, the noble 
metal films can avoid ripening and conform to unique support geometries. Advances in 
this process include the development of electrochemical cells where the electrolyte can 
flow through for easier switching between steps [34] and a one-cell configuration that 
simply incorporates ions of the sacrificial metal and the more noble metal in the same 
electrolyte. [35]  
 
 
Figure 1.3 – This schematic displays the SLRR process of depositing a sacrificial 
metal on the surface of the substrate and subsequent replacement of that sacrificial 
layer with a more noble metal. 
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1.5 Research Objectives 
The objectives of this work are to investigate the prospect of depositing Pt-ML on 
two unique substrates that have the potential to advance the development of electrocatalysts 
and our understanding of interface interactions between precious metals and their supports. 
The strategy in both cases involves utilizing SLRR, a solution-based, electrochemical, 
process for deriving atomically thin precious metal films. As indicated above, this 
technique has been highly successful throughout the past decade for achieving precision, 
wetted film growth on 2D substrates. 
In Chapter 2, 3D graphene grown on an open-celled Ni foam was used as a support 
for the fabrication of Pt-ML. Interest in this catalyst support resonates because of its 
potential for scaling the synthesis of precious metal nanostructures while tuning catalytic 
activity through interface interaction with graphene and metal-ligand effect from Ni. 
Furthermore, the ability to remove the interior Ni frame via etching allows for the option 
of incorporating a ligand effect of ones choosing, tailoring the electronic properties of the 
Pt-ML.  
Then in chapter 3, a MoS2 thin film of varying thickness is used as the substrate for 
Pt deposition. By varying the substrate thickness between 1 nm and 30 nm it is possible to 
observe the manner in which Pt decorates the surface of the MoS2 as a function of the 
concentration of available MoS2 edge sites. This is because MoS2 can change orientations 
between one where the basal plane is parallel to the substrate to one where the basal plane 
becomes perpendicular to it. Additionally, altering the quantity of Pt deposited, allows for 
observation of the influence of MoS2 on the electronic properties of the deposited Pt. The 
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objective here is gain a better understanding of the catalyst and support interactions 
between MoS2 and Pt. 
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CHAPTER 2. SYNTHESIS OF PLATINUM MONOLAYERS ON 
GRAPHENATED 3D NICKEL FOAMS 
2.1 Introduction 
As discussed in Chapter 1, lower material costs and increased catalytic activity via 
ultra-low loading of precious metals remains significant area of catalyst research. Even 
though the standard for many commercial catalyst applications remains Pt nanoparticles 
on a carbon black substrate, cutting edge research has moved on to create novel 
nanomaterial structures such as core-shell and layered catalysts. These structures combine 
pseudomorphic overlayers of precious metal and cheaper transition metal interiors that may 
lower material costs while enhancing catalytic activity. [36] For these multicomponent 
catalysts, selection of the underlying material becomes important since the substrate can 
influence catalyst activity, selectivity, and durability when the catalyst overlayers remain 
atomically thin. This occurs via phenomena such as the metal ligand effect and lattice strain 
mentioned in Chapter 1. [37] [38] Catalysts incorporating these innovative ideas can 
significantly outperform commercial catalysts, but most studies remain fundamental, 
taking place at the nanoscale, with no proposal for scaling the technology to widespread 
adoption. For this reason, new processing techniques are required to bring these state-of-
the-art catalysts to the macro-scale without sacrificing performance. 
A novel concept for accomplishing this goal came out of a collaboration with Dr. 
Jamie Warner’s group at the University of Oxford. They have been working with a variety 
of 2D materials and emphasizing their incorporation into nanoscale heterostructures for 
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studying the unique properties that arise. Recently this involved CVD grown graphene on 
an open-celled Ni foam, a process that resulted in a multilayer graphene, as discussed 
within this chapter. The graphenated Ni foam presented an interesting opportunity to study 
the deposition of precious metal on a dramatically different support from those typically 
worked with in electrocatalyst research. Its novelty arises from the potential for both (i) the 
application of precious metal nanostructures on a highly scalable substrate and (ii) tuning 
electronic properties of the precious metal. Moreover, the substrate, possesses appealing 
qualities such as, relatively low cost, excellent electrical conductivity, and high surface 
area to volume. 
The resulting graphene surface from the CVD process features curvature from the Ni 
foam and heterogeneities that would certainly influence the deposition of Pt. As I have 
stated in Chapter 1, studies reveal that graphene containing defects, inclusions, or oxygen 
based functional groups is able to form strong bonds with precious metals. These sites act 
as anchor points that bind metal with high affinity, preventing dissolution and encouraging 
distribution across the surface of the support. However, nucleation can result if metal atoms 
are unable to diffuse across the surface of the substrate. Therefore, care was taken to deposit 
Pt in a manner that would avoid agglomeration in individual areas of the macrostructure, 
and instead achieve optimal atomic film growth, with the ultimate goal of depositing Pt-
ML. As discussed, ML growth improves upon nanoparticle overlayers by optimizing the 
ECSA to mass ratio and encouraging interface interactions between catalytically active 
material and the support. 
SLRR was selected as the best option for synthesis of Pt-ML based on its ability to 
form a precious metal skin on a variety of surfaces. [39] [26] The thought behind this was 
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that the self-limiting and solution-based nature of this technique would help overcome the 
hinderance of attaining highly wetted films on a 3D substrate. SLRR uses potentials less 
negative than those required for bulk metal reduction, resulting in bond formation between 
adsorbate and substrate via UPD. This UPD layer then gets replaced by a more noble metal 
at OCP. This helps encourage ML growth of precious metals, and is especially beneficial 
when depositing metals that possess higher surface energy. Multiple iterations of this 
process results in thin films of well controlled thickness and a high degree of surface 
wetting. [39] [40] 
 Additionally, my research group’s previous work indicates that use of SLRR with a 
single interlayer graphene between a 2D Au film and Pt overlayers encourages strained Pt 
lattice growth and improves catalytic performance when compared to samples without 
graphene. Graphene did not hinder the flat, uniform growth of Pt overlayers, and the 
substrate was completely masked by just four monolayers of Pt. [26] Observed catalytic 
enhancement aligned well with findings of others, that Pt lattice compression can improve 
electrocatalytic performance. [41] [42] [37] These finding helped reinforce the decision for 
utilizing SLRR to deposit Pt on the graphenated Ni foam sample. 
The Ni skeleton was not a minor influence in the decision of utilizing this substrate. 
I have already discussed the benefits of bimetallic catalysts for achieving improved 
catalytic activity in Chapter 1. But to briefly reiterate, key catalyst properties such as bond 
formation between adsorbing reactants and the active catalyst sites can be tuned through 
incorporation of materials that alter electronic structure by straining the Pt-Pt interatomic 
spacing [41] [43] and integrating the metal ligand effect. [44] For ORR, incorporation of 
Ni in Pt catalysts has produced some of the most promising results (Figure 1.2), enhancing 
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both activity and selectivity. [45] [46] [47] [48] [44] [49] [50] [51] [24] [52] [25] [36] [41] 
[53]  
There are a few weaknesses of bimetallic catalysts that need to be overcome before 
adopting them into commercial production such as, a loss in catalyst longevity when 
incorporating less stable metals like Ni, but possibly principal among these weaknesses is 
their complexity. They typically remain specialty materials limited to laboratory research 
and small-scale production because producing them on a large-scale with any consistency 
is very difficult. There are a variety of techniques for preparing alloys, layered assemblies, 
and core-shell structures, including the use of ultrahigh vacuum (UHV) [24] and selective 
dissolution of the less noble metal [54], but in this thesis I attempt to provide an 
uncomplicated method for producing tunable catalysts that could be adopted for 
macroscale synthesis.  
A final benefit from this substrate derives from its potential for the Ni substrate to be 
etched away before or after the deposition of the Pt. The remaining Pt-GR foam can then 
be broken into nanostructured flakes with potential for redispersion and adhesion on a 
substrate of choice. The new substrate chosen to interact with the monolayers of Pt through 
the graphene lattice, could provide tailored catalytic properties (Figure 2.1). In other words, 
this concept promises the potential for ligand flexibility. Steps taken here include the 
following: graphene deposition, Ni etching, Pt-ML deposition, and sonication of Pt-





2.2.1 Graphenated Foam Synthesis 
A Commercial, open-celled Ni foam was purchased from MTI corporation (346 g/m2 
density, ≥ 95% porosity, 80 to 110 pores per inch, 0.25 mm hole diameter, and thickness 
of 1.6 mm) for use as the initial substrate. Jamie Warner’s research group at the University 
of Oxford used this as a template for precipitation of graphene on the surface. His group 
shared their graphene growth process, displayed in Figure 2.2. This procedure followed a 
scheme very similar to that used by Chen et al. [55] An alumina furnace crucible, used as 
the carrier for the bare nickel foam, was inserted into a 1 inch diameter quartz tube in a 
horizontal tube furnace. A system with rails was used so that the sample could be rapidly 
introduced and removed from the hot zone.  Before inserting the sample into the hot zone, 
the system temperature was ramped up at a rate of 50°C/min to a final temperature of 
Figure 2.1 - Schematic showing the processing of Ni foams to synthesize 3D Pt-ML on 
graphene, with and without Ni present as a substrate. Ni-free samples can be further 
processed to generate flakes of Pt on graphene. 
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1000°C. As it was heating up, the system was flushed with argon, Ar (200 sccm), hydrogen, 
H2 (25% in Ar, 100 sccm) and methane, CH4 (20% in Ar, 20 sccm). The CH4 was turned 
off when the temperature reached around 600°C. Once the furnace temperature was holding 
constant at 1000°C, the sample was introduced into the hot zone of the furnace. The Ni 
foam was kept there and annealed for 30 minutes while Ar and H2 continued to flow. After 
annealing, CH4 (20% in Ar, 7 sccm) was introduced for a growth period of 15 minutes 
(Figure 2.2, blue region).  The flow of CH4 was then shut off and furnace was turned off, 
allowing it to cool naturally, while the sample was removed from the hot zone.  The sample 
was then removed from the furnace altogether once it had cooled to room temperature. 
SEM and optical images of the bare Ni and graphenated foam (Figure 2.2(a-c, e)) reveal 
that the structure is well coated with graphene but otherwise remains unaffected. Higher 
magnification SEM (Figure 2.2(f)) highlights the presence of inhomogeneities across the 




2.2.2 Ni Foam Etching 
Once the graphene was precipitated on the Ni surface, a free-standing graphene foam 
was achieved by etching out the Ni skeleton. This process for synthesizing a Ni-free 
graphene foam was originally outlined Chen et al. [55] The procedure involved first using 
Figure 2.2 - CVD synthesis of graphene on nickel foam. SEM images of nickel foam 
before (a) and after (b) graphene growth, scale bar 500 μm. c) Optical image of a 1 
cm2 piece of nickel foam and (d) SEM image of the nickel foam surface, 20 μm scale 
bar. (e) Optical image of a 1 cm2 piece of nickel foam following graphene growth and 
(f) SEM image of the graphene on nickel foam with the white arrows indicating holes 
in the graphene with nickel and the black arrows indicating wrinkles in the graphene, 
5 μm scale bar. g) Plot outlining the CVD procedure. (Figure provided by Thomas 
Samuel as part of his work for Prof. Jamie Warner’s research group at the University 
of Oxford) 
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a pipette to saturate the GR/Ni foam with PMMA. The sample was then transferred to a 
furnace and baked at 180°C for approximately 30 minutes. At this point the PMMA cross 
linking reaction occurred and the PMMA could help maintain the foam structure during 
the etching process. The PMMA covered foams were then added to a bath of 3 M HCl. The 
bath was heated to 80°C and the foams were allowed to soak for at least five hours. Foams 
were periodically flipped to ensure equal etching throughout the sample and the bath was 
replenished with fresh 3 M HCl as necessary. Based on EDS spot analysis results (Figure 
2.4), the etching time of 5+ hours was sufficient to completely remove Ni from the foam. 
After completing the HCl soak, the foam was lifted out of the acid bath on a glass slide and 
transferred to a DI water bath for approximately 10 minutes. The foam was then transferred, 
using a watch glass, to an acetone bath for approximately two hours to remove the PMMA. 
Fresh acetone was periodically added to keep the bath filled. A shorter soaking time may 
have worked just was well for removal of PMMA, but two hours was used to try and ensure 
complete PMMA removal, since any surface contamination could significantly affect Pt 
deposition. The sample was then transferred once again to DI water to remove residual 
acetone before being transferred onto the electrode (Figure 2.3). The electrode was 
produced by wrapping part of a glass slide in conductive carbon tape. Figure 2.5 contains 
SEM images that highlight the process of depositing graphene on the Ni foam and then 
subsequent etching. A slight reduction in volume occurred after the etching process. It is 
somewhat difficult to see in the SEM image (Figure 2.5), but post etching samples have a 





Figure 2.4 – Spot EDX analysis of foam after completing the etching and PMMA 
removal processes. Accelerating voltage of 15 kV was used. 
Figure 2.3 – Photograph of free-standing graphene foam placed on the surface of a 




2.2.3 Layer-by-Layer Pt deposition 
A Pine WaveNowXV Potentiostat was used for carrying out all electrochemical 
experiments. Two three-electrode cells (Figure 2.6) were used for the synthesis process. 
The first cell contained a solution of 10 mM CuSO4 and 50 mM H2SO4 and the second 
contained 0.1 mM chloroplatinic acid. The working electrode was set up in a hanging 
meniscus configuration in the three-electrode cells. A plug was used to hold the working 
electrode in place and help maintain the atmosphere inside the cells. Pt wire was used as 
the counter electrode and Ag/AgCl for the reference electrode. Unless otherwise stated, all 
potentials are relative to a Ag/AgCl reference electrode. Before beginning the Pt 
electrodeposition process, ultrahigh purity N2 was used to purge both solutions for at least 
20 minutes. N2 was flowed over top of the solutions while the cells were in use.  
For both sample types (Graphenated Ni foams and Ni-free graphene foams), Pt layers 
were electrodeposited on the graphene via a method derived from SLRR. First, a few atoms 
of Cu were put down via bulk electrochemical deposition in cell containing 10 mM CuSO4 
Figure 2.5 - SEM images taken at accelerating voltages of 5 kV and 15 kV with 
backscatter electron detector. Left image: Open-celled bare Ni foam. Middle image: 
Graphenated Ni foam. Right image: Etched GR foam 
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+ 50 mM H2SO4. The working electrode was then shuttled to the second three-electrode 
cell, where Cu was replaced by Pt at the open circuit potential (OCP). These first few atoms 
of Pt would act as seed atoms for additional deposition iterations. Once the initial Pt was 
put down, Cu UPD could be utilized to continue growth in a more controlled manner. 
Putting down the initial atoms via bulk deposition was necessary since UPD between Cu 
and graphene will not occur. This first iteration was the only departure from the typical 
SLRR methodology. The same procedure was carried out for samples where the Ni had 




Figure 2.6 – Illustration representation of a three-electrode cell used for carrying out 
electrochemical experiments 
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2.2.4 Catalyst Characterization 
After Pt deposition, the two types of foam (Graphenated Ni foam and Ni-free 
graphene foam) were studied to determine the structure of the deposited Pt films and the 
resulting electrocatalytic characteristics. 
2.2.4.1 Structural 
To determine the degree of Pt deposition and the organization of Pt atoms on the 
graphene surface, SEM/EDX (Phenom ProX, 5 kV to 15 kV accelerating voltage), XPS 
(Thermo K-Alpha, monochromated Al Kα source, selectable spot diameter between 30 and 
400 µm), and TEM (FEI Tecnai G2 F30, 300 kV accelerating voltage and Jeol JEM-
2200MCO, 80 kV accelerating voltage) were utilized. In imaging samples with the SEM, 
a backscatter detector was used. TEM characterization carried out on the FEI Tecnai G2 
F30 was performed at 300 kV. Samples were prepared by etching out the Ni after Pt had 
been deposited. For this, Pt/GR/Ni foam was placed in 3M HNO3 for approximately 3 
hours and then lifted out on a glass slide and moved into DI water. The etched foam in DI 
water was shaken vigorously to disperse flakes of Pt/GR throughout the water. A drop of 
the solution containing Pt/GR foam flakes was then deposited on holey carbon TEM grids, 
and the grids were heated to approximately 40°C for 30 minutes to avoid the so called 
coffee ring effect. The second TEM characterization was performed on a Joel JEM-
2200MCO at an accelerating voltage of 80 kV. Samples for this session were prepared 
using the etching process outlined in section 2.2.2 followed by the Pt deposition process 




Characterized of the Pt films deposited on Pt/GR/Ni and Pt/GR foams also involved 
the use of CV and LSV in a three-electrode cell (Figure 2.6). The cell was filled with an 
electrolyte of 0.1 M H2SO4 solution. The working electrode was configured in a hanging 
meniscus style setup with a catalyst foam attached and completely submerged in the 
electrolyte. Pt wire was used as the counter electrode and Ag/AgCl was used as the 
reference electrode. The electrolyte was purged with ultrapure N2 for at least 20 minutes in 
an attempted to eliminate any O2 in solution before running CV and LSV. It was flowed 
over top while carrying out the experiments. Before recording CV results, the catalyst went 
through a break in period. This consisted on performing at least 20 cycles of CV at a sweep 
rate of 50 mV/s. LSV was performed subsequently between the potentials of 1.0 and 0 V 
(vs Ag/AgCl) at a sweep rate of 20 mV/s. O2 was then bubbled through the electrolyte 
before performing LSV for a second time with the same operating parameters. The point 
of deviation between the LSV data collected with and without dissolved O2 present was 
used as the ORR onset potential. The durability study was carried out by cycling the 
potential applied to the working electrode at a sweep rate of 20 mV/s, between 0.4 and 0.75 
V (vs Ag/AgCl). The electrochemical cell was filled with 0.1 M H2SO4 and purged with 
N2. During cycling, N2 was directed so that it flowed over top of the electrolyte. The degree 
of degradation was determined by comparing the integrated area of the Pt reduction peak 
between the potentials of 0.81 V and 0.20 V (vs Ag/AgCl). The Pt reduction peak was 
measured using CV at intervals of 0, 500, and 1000 cycles of durability testing. 
 
 26 
2.3 Results and Discussion 
Raman spectroscopy, HR-TEM, and SEM were used to first study the graphene 
precipitated on the Ni foam surface. This characterization of the graphene and the resulting 
figures were produced by Dr. Jamie Warner’s research group at the University of Oxford, 
and I will be discussing them as they relate to this thesis work. Based on RAMAN and HR-
TEM characterizations (Figure 2.7 and Figure 2.8), the graphene CVD process produced 
multilayer graphene approximately 5.5 layers thick on average. TEM was carried out on 
graphene samples following etching of the Ni skeleton with hot HCl. By observing folds 
in the graphene, the number of layers was clearly visible and could be counted. Data 
collected from this process was used to produce a histogram (Figure 2.7(vii)) representing 
the frequencies of specific layer thicknesses. Figure 2.7(i-vi) displays representations of 
graphene thicknesses ranging from 1 layer to >10 layers. From these images it is even 
possible to get an accurate measurement of the spacing between graphene layers (Figure 
2.7(ii)). The histogram reveals an average graphene thickness of 5.5 layers with most areas 
thinner than 13 layers. It is also clear that the most probable thickness was between 3 and 
4 layers. This is a good indication that the underlying Ni skeleton and Pt, later deposited 
on the graphene surface, was separated by approximately 1 nm of graphene in most areas 




In addition to the TEM work, Raman characterization was carried out on unetched 
GR/Ni foam (Figure 2.8(a)). Examples of the data collected from the foam are displayed 
in Figure 2.8(e-g). The ratio of intensities (I2D/IG) in Figure 2.8(e), being greater than one, 
is likely from a bi-layer region of graphene. Figure 2.8(f) shows a peak ratio that is expected 
of a region between 3 and 5 layers thick, and Figure 2.8(g), which shows one of the lowest 
ratios recorded from these foams, is likely from a graphene region thicker than 5 layers. 
Above 5 layers, graphene becomes indistinguishable from graphite. Figure 2.8(f) provides 
an example of a typical D peak, which represents the presence of defects in the graphene. 
[56] Figure 2.8(b) reveals both the thickness of the graphene layers and the presence or 
absence of defects in selected regions of the foam. The blue dots marking the foam in 
Figure 2.7 - (i-vi) TEM images of folds in graphene foam showing regions of 
monolayer, bilayer, trilayer, four layer, five layer, and >10 layer graphene. (ii) The 
interlayer spacing of graphene is indicated. (vii) A histogram gives the distribution of 
graphene layers determined using folds seen in TEM images. (Figure provided by 
Thomas Samuel as part of his work for Dr. Jamie Warner’s research group at the 
University of Oxford) 
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Figure 2.8(a) display the regions sampled, with positions 1-7 representing different regions 
of the tube furnace during graphene growth. Positions 1 and 7 were closer the furnace ends, 
whereas position 4 was close to the center. These same positions were sampled on the top 
and bottom of foams. Observed variance in the ratio of 2D to G Raman peaks was always 
within experimental error (Figure 2.8(b)) suggesting that the number of graphene layers is 
independent of position. A 2D/G ratio of less than one, which was observed across the 
entire foam sample, is indicative of multi-layer graphene. This is expected for graphene 
formed on Ni via CVD. [57] Lack of variation in the D to G peak ratio (Figure 2.8(b), black 
line) indicates that the graphene formed is relatively defect free and high quality. 
Comparison of the top, bottom, middle, and edges of the foam samples (Figure 2.8(c)), 
suggests that more defects are present at the bottom and edges, although the D peak only 
appeared in a small number of the recorded spectra. Even though analysis of this data leads 
to a similar conclusion as TEM on the number of graphene layers present, it should be 
noted that the error bars on the thickness data shown here are quite large. Therefore, the 
TEM characterization and resulting histogram should be considered a more reliable 




While an SEM characterization is less useful here for determining the number of 
graphene layers, it can provide key insights into the structure of the foam on a mesoscale. 




e f g 
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Figure 2.8 - Raman characterization of large pieces of CVD graphene foam on nickel. 
(a) Image of graphene foam pre-etching, each blue spot corresponds to a location 
where Raman spectra were recorded, 1 cm scale bar. (b) Raman D/G and 2D/G ratios 
as a function of the positions indicated in (a). Position dependent (c) D/G and (d) 2D/G 
Raman peak ratios.  (e) Raman spectrum indicating the presence of bilayer graphene. 
(f) Raman spectrum with D peak indicating the presence of defects. The 2D/G ratio 
indicates graphene with fewer than 5 layers. (g) Raman spectrum indicating graphene 
with a thickness of >5 layers.  (Figure provided by Thomas Samuel as part of his work 
for Prof. Jamie Warner’s research group at the University of Oxford) 
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an accelerating voltage of 3 kV. Figure 2.9(i-iv) are shown in order of increasing resolution. 
It is interesting to note that the graphene is well interconnected throughout the foam, with 
very few complete breaks visible, even after a harsh etching process. Figure 2.9(iii) 
indicates the presence of holes along the length of a given graphene branch but these do 
not seem to hamper retention of the Ni skeleton structure. This is seemingly a benefit of 
thicker graphene that grows on Ni substrates. The same process for creating free-standing 
graphene foam would likely not work with a Cu skeleton without collapse of the structure. 
[55] The graphene also appears smooth across the surface but with apparent changes in 
thickness and wrinkles indicated by changes in contrast. Figure 2.9(iv) displays the efficacy 
of the Ni etching process in creating hollow graphene branches. 
 
Figure 2.9 - SEM images of etched graphene branches with increasing degrees of 
magnification. (iii) SEM image of a graphene branch showing the presence of multiple 
holes. (iv) Image showing the hollow nature of the graphene foam. (Figure provided 
by Thomas Samuel as part of his work for Prof. Jamie Warner’s research group at 
the University of Oxford) 
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After receiving the graphenated Ni foams from Dr. Jamie Warner’s lab, Pt was 
deposited on the graphene surface of both samples with Ni intact and those that had 
undergone the etching process outlined in the Experimental section. As mentioned, I 
adopted a derivative of SLRR in an attempt to deposit precious metal ML on a graphene 
surface. Typical SLRR, involving Cu as the sacrificial metal, results in a partial monolayer 
deposition with each iteration. This is because every Pt(IV) atom deposited results in the 
oxidation of 2 copper atoms that enter the solution as Cu(II). [26] [35] Because of this level 
of precision, the amount of Pt deposited on a given sample can be well controlled and 
minimized. This is ideal for precious metal catalysts, which require minimal loading to 
lower costs. SLRR also results in Pt deposition with minimum energy expense. Therefore, 
the Pt can avoid ripening and grow in more epitaxial manner, and approach the theoretical 
maximum number of electrochemically active surface sites for the mass of Pt. The 
technique used in this thesis is similar in the sense that Pt(IV) is getting reduced and Cu is 
getting oxidized to Cu(II), but differs in the quantity of Pt deposited with each iteration, at 
least initially. Because Cu does not UPD on the graphene surface, a primary monolayer 
must be put down before this technique exactly emulates typical SLRR. 
TEM characterization was performed on samples after completing several iterations 
of Pt deposition. In examining a Ni-free sample with an aberration corrected microscope 
at an accelerating voltage of 80 kV, it was found that Pt was arranging in many areas of 
the graphene surface in the form of a square lattice (Figure 2.10(b)). Interestingly, this type 
of lattice growth appears to show {100} Pt instead of the energetically preferred {111} 
growth. Previous work by our research group presented the possibility of a compressed Pt 
lattice on a 2D graphene substrate through use of EXAFS, suggesting that graphene is able 
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to template Pt growth via strong bond formation between graphene and Pt. [26] Then in a 
follow-up study, HR-TEM characterization of Pt-ML on Au-film with a interlayer of 
single-layer graphene identified epitaxial Pt growth on the graphene surface. Careful 
analysis of the HR-TEM images showed that between one and two ML of Pt was present 
across the surface of the graphene and that Pt atoms were depositing at every other C-C 
bond in the zigzag direction and at every C-C bond in the armchair direction, encouraging 
{100} Pt lattice growth. [58] Therefore, from what appears to be the same structure in the 
case of 3D graphene sample, provides strong evidence that Pt is being deposited in 
templated layers on the graphene surface despite the substrate’s unusual geometry. Figure 
2.10(b) also appears to show some contrast variation across the surface of the Pt growth 
area. This indicates that {100} Pt lattice growth is being templated beyond the first layer 
of atoms and extends into at least one or two additional Pt layers.  
Pt-ML growth that is perhaps compressed is meaningful because (i) lattice 
compression has been shown to improve electrocatalytic performance for ORR [43] and 
(ii) ML growth indicates that Pt is getting deposited in a manner that maximizes its 
interaction with the substrate and its total number of available reaction sites. Observation 
of this growth type on an uncontrolled, 3D surface reinforces the possibility that 
electrocatalytic enhancement can be preserved on a scalable surface. That is, samples with 
much larger geometric surface areas could be produced in a similar manner with Pt growth 
that mirrors that which we have achieved. This is critical since 2D substrates severely limit 





A similar TEM characterization was performed on a sample of Pt deposited on 
graphenated Ni with a 300 kV accelerating voltage. The voltage proved to be too energetic 
for observation of the few layers of graphene present, but regions containing Pt could be 
easily identified. In the left frame of Figure 2.10(a) a Pt-rich region is displayed. The inset 
displays a FFT produced from this image with a red ring highlighting spots from the 
Pt{100} crystal plane. Using these spots, an IFFT was then produced and superimposed 
over the original TEM image to form a composite. This image is displayed in the right 
panel of Figure 2.10 with the Pt regions tinted red to provide contrast. What stands out, 
aside from the Pt nanoparticles decorating the edges of the images, are the areas of Pt being 
indicated between those nanoparticles. If present in these areas, Pt would exist as films no 
(b) (a) 
Figure 2.10 – Characterization of Pt-ML/GR foam with TEM. (a-left) BF TEM image 
of etched Pt-ML/GR foam with inset displaying FFT with polycrystalline Pt{100} 
spots indicated. (a-right) composite image of BF TEM image and IFFT of Pt spots 
with Pt areas highlighted in red. (b) BF, High-resolution TEM image of square Pt 
lattice, 80 kV accelerating voltage 
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thicker than the C mesh substrate. This evidence reinforces the idea that Pt is going down 
as ML in some region of the graphenated surface. 
After reviewing promising data from the TEM images, it was important to 
understand the extent of Pt coverage across the surface of the catalyst support. For this 
purpose, EDX mapping was used (Figure 2.11). In an attempt to gain more surface 
sensitivity with this technique, 5 kV was used for the accelerating voltage. With the Ni 
skeleton intact, as is the case here, the strongest signals come from the Ni and the graphene 
overlayer. However, a weaker signal from the Pt can still be detected. With the resolution 
of this SEM, it is impossible to determine the type of Pt growth present, but the x-ray 
detector was sensitive enough to show characteristic x-rays from the M absorption edges 
of Pt. In this relatively uniform looking region of graphene capped Ni, EDX results suggest 
that Pt is well dispersed across the surface. This result is promising, as it suggests that Pt 
is well distributed throughout the foam sample, increasing the potential for scalability of 
this process. It should be noted that Pt appears to also be covering the areas where no 
graphene is present. It is thought that the Pt will readily replace exposed Ni along with Cu 
during the electroless replacement phase of the deposition process. A more uniform 
graphene layer on the Ni substrate would likely avoid this since graphene prevents 




To determine the chemical state of the surface Pt, XPS scans were performed on the 
platinized foams with and without Ni present. The x-ray source was Al Kα and a Pt foil 
reference sample was used. Based on high-resolution scans of the Pt4f doublet (Figure 
2.12), it appears that Pt exists in a metallic state for both sample types. This is somewhat 
expected for Pt in the presence of Ni, since the Ni will oxidize readily compared to Pt. The 
peak positions, indicated with dashed red lines, shows no discernable shift in the Pt4f7/2 
and Pt4f5/2, indicating no significant impact on the Pt core level electrons. This is 
interesting because of the impact that Ni is expected to lower the Pt d-band center via 
charge transfer. [24] However, other groups such as Mintsouli et al. observed the same 
phenomenon in the fabrication of Pt/Ni core shell structures on high surface area carbon 
Figure 2.11 - Characterization of Pt-ML/GR/Ni foams with SEM/EDX. SEM image 
of a foam branch with EDX spectra of C, Ni, and Pt. 
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supports. [60] Groups reporting XPS results from Pt on Au substrates also found that above 
2 ML, Pt becomes less cationic and begins to order similarly to bulk Pt. [38] High 
resolution scans were also performed for the Ni 2p3/2 and 2p1/2 peaks on etched and 
unetched samples (Figure 2.12). The blue line representing the sample with Ni removed, 
helps to conclude that the Ni etching process is highly effective. Because XPS is such 
surface sensitive technique, any residual Ni should be easily detected. The sample with Ni 
foam intact prior to Pt deposition is represented by the black line. Based on the Ni 2p peak 
positions of the sample containing Ni, it appears that Ni exists in an oxidized state. This is 
likely the state of Ni right at the interface between graphene and Ni since XPS is likely to 




Electrochemical characterization of the synthesized samples started with performing 
CV. Potential was swept between -0.3 V to 1.2 V at a rate of 50 mV/s. Integration of the 
hydrogen UPD region of the CV curve provides an estimate of the ECSA. This is because 
hydrogen reduction is a one electron transfer reaction and only one hydrogen can adsorb 
to each Pt atom for UPD. Therefore, total charge transfer can be easily related to the total 
number of Pt atoms at the catalyst surface. Then, by assuming the standard packing fraction 
Figure 2.12 - XPS characterization and electrocatalytic performance of Pt-ML foams 
and commercial Pt/C catalyst. Upper plot showing Pt 4f7/2 and 4f5/2 doublet from 
Pt-ML/GR/Ni and Pt-ML/GR foam samples. Lower plot displaying Ni 2p3/2 and 
2p1/2 doublet with satellite features from Pt-ML/GR/Ni foam sample and lack of 
Ni2p peaks from Pt-ML/GR foam sample 
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for the Pt lattice, the ECSA can be estimated. The same result can be obtained by 
integrating the Pt reduction peak, but using the hydrogen UPD region for ECSA estimates 
has become standard practice. Figure 2.15 contains the voltammogram from a typical Pt-
ML/GR/Ni sample. The figure shows a clear Pt reduction signal at approximately 0.4 V 
(vs Ag/AgCl), but the oxidation signal is a bit more difficult to pick out. This is partially 
because of the naturally elongated Pt oxidation peak, but it also gets somewhat masked by 
the presence of a Ni oxidation feature and the onset of O2 evolution. It is unexpected that 
a Ni oxidation signal remains after the extended break-in period performed prior to 
recording this voltammogram, since exposed Ni atoms usually dissolve readily in an acidic 
solution. One possible explanation for this is that Ni oxides are able to form but graphene 
prevents dissolution, indicating the prospect of improved catalyst longevity. However, to 
make any meaningful conclusions about the longevity of these catalysts, durability testing 
was needed. 
Some early durability testing was performed on one of the original iterations in the 
development of the Pt-ML/GR/Ni foam catalyst. The testing consisted of cycling the 
applied potential to the working electrode between 0.4 and 0.75 V (vs Ag/AgCl) in an 
electrochemical cell containing 0.1 M H2SO4, that had been purged with N2. Then, at 
intervals of 0, 500, and 1000 cycles, CV was performed. This allowed for comparing the 
integrated area of the Pt reduction peak to assess the degree of catalyst degradation at each 
interval (Figure 2.13). The comparison revealed that after 1000 cycles approximately 80% 
of the ECSA remained. The causes of degradation are unknown from this initial assessment 
but could include agglomeration of Pt nanostructures, dissolution of Pt, or dissolution of 
Pt supports that resulted in loss of Pt as well. The 80% reduction in ECSA is in line with 
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previous work by our research group that compared the durability of Pt-ML catalysts 
synthesized on a Au film substrate, with and without a single layer of graphene present 
between the Pt and Au. It found that Pt films at or above three ML in thickness, retained 
approximately 73% of the original ECSA after 1000 cycles (Figure 2.14). It is encouraging 
that the foam samples show similar robustness, but it is worth noting that durability testing 
in our group’s previous study bubbled O2 through the electrolyte instead of N2. The 
presence of O2 is likely to have a negative impact on catalyst durability and should be 
considered when comparing results. Follow-up durability tests with a greater number of 
cycles should still be performed to get a better idea of the true longevity of the foam 
catalysts. Additionally, using a more recent iteration in the development of the foam 
catalysts would give more meaningful information, since it would more accurately 
represent the desired catalyst structure. 
Figure 2.13 - CV plots from a Pt-ML/GR/Ni sample before beginning durability 
testing and after 1000 cycles of durability testing. The Pt reduction peak at ~0.45 V 
(vs Ag/AgCl) was used in determining the amount of ECSA. 
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Additional electrochemical evaluation was performed to determine the 
electrocatalytic performance of the fabricated catalysts, in terms of the ORR overpotential. 
This consisted of performing LSV between the potentials of 1.0 and 0 V (vs Ag/AgCl) at 
a sweep rate of 20 mV/s. The onset potential was determined by performing this experiment 
with and without O2 present in solution and then finding the point of deviation between the 
two data sets (Figure 2.15). Typically, this kind of catalyst evaluation is performed on a 
rotating disk electrode to mitigate any mass transfer effects, but the size and geometry of 
the foam catalyst made the use of a rotating disk electrode prohibitive. Instead the working 
electrode was stationary in a hanging meniscus configuration for this testing. For 
comparison a commercial Pt/C catalyst was also prepared. This consisted of mixing 46.1% 
Pt/C with D.I. water, IPA, and Nafion, followed by an ultrasonic bath to disperse the 
catalyst before drop casting onto a glassy carbon electrode. Comparison of the onset 
Figure 2.14 - Using the Pt reduction shape in CV, the percentage of surface Pt is 
calculated after 1000 cycles in acidic media. Cycles were performed from 0.4 to 0.75 
V in O2-saturated H2SO4 (Reprinted with permission from [26]. Copyright 2015 
American Chemical Society) 
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potentials (Figure 2.16) indicates that samples containing Ni outperformed the Pt-ML/GR 
foam and commercial catalyst by approximately 87 mV. The Pt-ML/GR electrode 
performed comparably to commercial Pt/C. Each of the three electrodes outperformed a 
2D Pt-GR-Au electrode used in previous, similar experiments in this lab, (Figure 2.16) and 
used here as a basis for comparison. Viewed holistically, results indicate that Pt lattice 
strain due to the graphene substrate, although implied by the TEM analysis, did not 
improve electrode performance substantially relative to that of the Pt commercial product. 
When Ni remained part of the substrate, significant improvement (reduction in 
overpotential for O2 reduction) was preserved in the 3D catalyst, presumably due to the 
trans-graphene, Ni-ligand effect on Pt performance.  
 
 
Figure 2.15 - CV of typical Pt-ML/GR/Ni sample with scan rate of 50 mV/s and LSV 
plots indicating ORR onset potential for Pt-ML/GR/Ni foam, Pt-ML/GR foam, and 
commercial Pt/C catalyst. 
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The role of Ni and other transition metals in enhancing the activity of Pt is an 
extensively explored area of research. The boost in catalytic performance we observe here 
is important since graphene is electronically transparent in the sense that it does not seem 
to discourage the Ni ligand effect, even in the 3D electrode environment created for these 
experiments. In addition, by introducing a graphene sandwich layer, we have essentially 
decoupled the phenomena of a strained, 2D Pt lattice and the ligand effect, which are 
typically co-induced by a single type of substrate. This last concept is promising for 
applications where it is desirable to have interchangeable ligand effects, since we should 
be able to harvest the Pt nanostructures from the Ni skeleton and disperse them as Pt-
ML/GR onto a new substrate. Work necessary to confirm the latter concept (substrate 
substitution) lies outside the scope of this thesis. 
 




These results strongly indicate that we have developed a method for producing an 
enhanced, Pt-lean catalyst in a macro arrangement. The non-uniform graphene interlayer 
templates the Pt deposition and remains sufficiently thin enough in most areas for 
electronic transparency essential to positive Ni-Pt interactions. In combination with 
ultrathin Pt growth, this encourages the substrate to play a role in electrocatalytic 
properties, boosting ORR performance. Furthermore, the highly porous, graphene-capped 
Ni foam substrate combined with low temperature electrochemical deposition has huge 
potential in terms of scalability and versatility of structure. Our findings also suggest, that 
Pt-ML/GR can be decoupled from Ni and be applied to additional substrates, providing 
catalysts with electronic properties tailored to the application. 
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CHAPTER 3. SYNTHESIS OF PLATINUM MONOLAYERS ON 
MOLYBDENUM DISULFIDE THIN FILMS 
3.1 Introduction 
MoS2 is considered a 2D material, although each MoS2 layer is approximately 6.5 Å 
thick and consists of a layer of Mo sandwiched, via covalent bonds, between two layers of 
S atoms. Layers of MoS2 then interact with one another via relatively weak van der Waals 
forces. One of the most significant differences between this material and the most famous 
2D material, graphene, is its bandgap of ~1.8 eV for single layer and ~1.2 eV for multilayer. 
The meeting of the valence and conduction band at Dirac points make graphene a zero-gap 
material and an excellent conductor, but this property is a weakness for applications such 
as optoelectronics and transistors where some bandgap is required. Therefore, MoS2 has 
garnered attention as a 2D material in the area of microelectronics. Even still, MoS2 is 
rarely used on its own, but rather gets hybridized with other materials which are generally 
better for electron mobility. 
MoS2 has also received significant attention in the area of catalysis. For HER, MoS2 
is able to perform competitively with precious metal catalysts at low overpotentials. 
Despite this, Pt remains the most popular catalyst for this reaction with little room for 
improvement in terms of activity. Other groups have found MoS2 to be a valuable substrate, 
reporting the benefits of its high surface area, chemical inertness, and ability to modify 
electronic properties of precious metal nanoparticles. For Patil et al., this concept yielded 
a catalyst that outperformed commercial Pt/C for methanol oxidation by avoiding CO 
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poisoning typical in state-of-the-art industry catalysts. [18] However, even nanoparticles 
are going to be suboptimal in terms of substrate utilization, ECSA, and adjusting electronic 
properties via catalyst and support interactions. Ideally, the precious metals such as Pt get 
arranged in highly wetted thin films that full utilize the available substrate and approach 
the theoretical maximum ECSA to mass ratio. As mentioned previously, monolayer 
formation is also beneficial for allowing the substrate to influence electronic properties of 
the overlayers through strain and the so-called ligand effect. 
As discussed in Chapter 1, SLRR is an excellent technique for depositing highly 
wetted thin films. The challenge of optimizing Pt deposition on an MoS2 substrate 
presented another opportunity to explore the versatility of this technique. What sets MoS2 
apart as a substrate for depositing precious metal via SLRR, is the reactivity of its different 
planes. It is understood that it is the metallic edge sites and not the basal planes that are 
highly reactive in MoS2 films. We can therefore assume that this will impact the 
electrochemical deposition of Pt, especially in this case, where highly wetted monolayers 
are the objective. To explore this, we produced MoS2 ranging from 1 nm to 30 nm in 
thickness. MoS2 will realign itself depending on the thickness of the Mo seed layer during 
synthesis, with seed layer films <~3 nm resulting in horizontally aligned MoS2, and thicker 
seed layer films resulting in vertically aligned MoS2. The horizontally aligned MoS2 has 
its basal plane aligned with the substrate and the vertically aligned MoS2 with exposed 
edge sites (Figure 3.1). [61] [62] This thesis explores the variation in electrochemical 
deposition of Pt monolayers by varying both the number of available edge sites and 






3.2.1 MoS2 Production 
For this work a Ta foil was used as the substrate for the MoS2 film and the current collector 
in electrochemical experiments. The synthesis of MoS2 thin films was performed by Dr. 
Matthew McDowell’s research group, and generally followed the procedure outlined by 
Kong et al. [63] This involves coating the substrate (Ta foil in this case) with a Mo seed 
layer through e-beam evaporation. The thickness of the Mo seed layer was varied between 
1 nm and 30 nm to produce MoS2 films of varying thicknesses. Variation in seed layer 
thickness dictated the orientation of the MoS2 film, with thinner seed layers leading to 
horizontally aligned MoS2 and thicker seed layers yielding vertically aligned MoS2. After 
Figure 3.1 – Graphic representation of MoS2 (a) horizontally aligned and (b) 
vertically aligned. (Reprinted with permission from [55]. (Copyright 2014 American 
Chemical Society) 
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Mo deposition, a sample was loaded into the center of the tube furnace and S powder was 
placed at the upstream end. The furnace was pumped down to 100 mTorr and flushed with 
Ar gas. The furnace temperature was then elevated quickly to 800°C and held at that 
temperature for 10 minutes. The tube furnace was then turned off and allowed to cool while 
Ar gas was flowed through. Finally, thermal annealing took place while flowing S gas to 
prevent film degradation. 
3.2.2 Pt Deposition 
Electrochemical experiments were carried out using a WaveNowXV potentiostat and 
three-electrode cells. Pt wire was used as a counter electrode and Ag/AgCl as the reference 
electrode for all experiments. Initially, it was unknown whether a UPD existed between the 
sacrificial transition metal ions, Cu(II), and the MoS2 substrate. To explore this, CV was 
performed in a three-electrode cell containing 10 mM CuSO4 + 50 mM H2SO4. (Figure 
2.6). This cell was purged with ultrapure N2 prior to running CV. The potential range was 
kept between -0.2 and 0.6 V (relative to Ag/AgCl). It was found that potentials more 
positive than 0.6 V would significantly damage the MoS2. The working electrode for this 
experiment was set up by attaching a sample of Ta-MoS2 film to a Cu rod with an alligator 
clip. Based on the cyclic voltammogram, the onset of bulk deposition starts at ~0.115 V 
(relative to Ag/AgCl). This was determined by identifying the point where current suddenly 
became significantly more negative. Additional observation of the voltammogram, showed 
a small negative current spike just prior to the bulk deposition current. To test whether this 
spike was a UPD feature, a slightly more positive potential than required for bulk 
deposition was applied to the working electrode. This test yielded a small amount of current 
that asymptotically approached zero. This was indicative of deposition being limited to a 
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monolayer, such as in UPD. Once the onset potential for this UPD between Cu and MoS2 
was discovered, it was determined that the target potential for UPD should be set a few mV 
more negative. This would help ensure formation of a full Cu layer on the substrate surface. 
At this point Pt deposition was attempted on a 30 nm MoS2 sample. The sample, 
prepared on Ta foil, was first cleaned by running CV in a three-electrode cell containing 
0.1 M H2SO4 with a lower potential of -0.2 V and an upper potential of 0.6 V (relative to 
Ag/AgCl). The cell was purged with N2 for approximately 30 minutes prior to this. The 
working electrode was then transferred to a three-electrode cell containing 10 mM CuSO4 
+ 50 mM H2SO4 that had also been purged with N2 for at least 30 minutes. Bulk electrolysis 
was carried out in this cell at a potential of 0.12 V (relative to Ag/AgCl) for 60 seconds. 
The working electrode was then transferred to a three-electrode cell containing 0.1 mM 
chloroplatinic acid that had again been purged with N2 for at least 30 minutes. OCP was 
then carried out for five minutes. This completed one iteration of SLRR. The working 
electrode was then rinsed in DI water and transferred back to the three-electrode cell 
containing CuSO4 to perform additional iterations. Because Cu(II) and Pt(IV) were used in 
this process, two Cu atoms get oxidized from the sample for every Pt(IV) atom reduced. 
Therefore, it was assumed that each iteration deposited 0.5 monolayers. The same process 
was carried out on all MoS2 films independent of film thickness. 
3.2.3 Characterization 
CV and LSV were used to electrochemically characterize Pt-ML/MoS2 films. Both 
were carried out in a three-electrode cell filled with 0.1 M H2SO4 and purged with N2 for 
30 minutes before running experiments. A lower potential limit of -0.3 V and an upper 
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limit of 0.6 V (relative to Ag/AgCl) were used along with a sweep rate of 50 mV/s for the 
CV testing. The upper limit was selected once again to avoid damaging the MoS2 and the 
lower limit was selected based on empirical evidence that HER was just beginning to occur. 
A break in period of at least 20 cycles was performed prior to recording results. For LSV, 
a sweep rate of 20 mV/s was used along with a starting point of 0.2 V and ending point of 
-0.8 V (both relative to Ag/AgCl). This range of potentials allowed for the onset and 
kinetics of the HER to be observed. LSV results from Pt-ML/MoS2 catalysts were 
compared with bare MoS2 and Pt foil. 
XPS characterization was carried on Pt-ML/MoS2 films out using an Al Kα source. 
Survey scans were performed along with high resolution scans of Pt4f, S2p, Mo3d and 
Ta4f peaks for each sample. Samples consisted of nine iterations of SLRR on 30 nm MoS2, 
three iterations of SLRR on 30 nm MoS2, and nine iterations of SLRR on 1 nm MoS2. 
 
3.3 Results and Discussion 
3.3.1 Pt Deposition on MoS2 
Each iteration of SLRR for deposition of Pt on MoS2 took place in two-steps. First, 
bulk electrolysis was performed with UPD of Cu(II) occurring on the MoS2 surface (Figure 
3.2), and second, electroless replacement of reduced Cu atoms with the more noble Pt(IV) 
(Figure 3.3) was carried out. Based on the current response during the UPD step, it appears 
that any adsorption takes place within a few seconds, since the current quickly reaches 0 
A. Therefore, a 60 second runtime for this experiment may be much longer than necessary. 
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From the potential response during the electroless replacement step, it appears that 
potential is asymptotically approaching some value but not reaching it. This could indicate 
that a longer runtime or a higher solution concentration is necessary if optimization of this 
process is desired. 
Figure 3.2 - Cu UPD on a sample of 30 nm MoS2. Experimental runtime of 60 s with 
a constant applied potential of 0.12 V (vs Ag/AgCl). 
Figure 3.3 - Electroless replacement of adsorbed Cu with Pt(IV). Experiment runtime 
of 5 min. at OCP. 
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3.3.2 Surface chemistry 
XPS characterization was performed on an array of Pt-ML/MoS2 samples. As 
displayed in Table 3.1, these included samples synthesized by nine iterations of SLRR on 
a 30 nm MoS2 film, three iterations of SLRR on a 30 nm MoS2 film, and nine iterations of 
SLRR on a 1 nm MoS2 film. High-resolution scans of the Pt4f, S2p, Mo3d, and Ta4f peaks 
were performed for these samples. Figure 3.4 displays the Pt4f7/2 and Pt4f5/2 peaks. There 
is a shift in peak position of ~1.1 eV between the three samples with Pt appearing more 
cationic with fewer ML deposited and more like bulk metal as the number of ML increases 
on 30 nm MoS2. However, even the sample with more Pt deposited is shifted to a more 
positive chemical state by ~0.2 eV from typical bulk Pt. This indicates that even with the 
deposition of ~4.5 ML of Pt, the substrate continues to influence the chemical state of Pt 
overlayers, and the threshold where influence from the support is no longer felt has not yet 
been reached. It appears in Figure 3.4(a) that the 1 nm MoS2 sample has no Pt present on 
the surface, but closer analysis (Figure 3.4b) indicates that a much smaller amount exists 
compared to the 30 nm MoS2 samples. The peak positions also mirror those of the sample 
with three SLRR iterations on 30 nm MoS2, indicating that Pt exists in a more cationic 
state. This is presumably because the Pt is only going down at the edge sites on the MoS2 
and little or none is going down on the basal planes which, in this case, are parallel to the 
Ta foil substrate. Therefore, the amount of Pt deposited on the horizontally aligned, 1 nm 
thick MoS2 film was likely representative of the number of available edge sites, and the 
same holds true for the vertically aligned, 30 nm thick MoS2. From this I infer that the 
quantity and location of Pt deposition via SLRR is directly influenced by the alignment of 
the MoS2. This also brings up the interesting possibility of whether the Pt is going down in 
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wetted films, nucleating at the edge sites, which may be acting as anchor points for the 
metal atoms, or depositing in some combination of wetted films and nanoparticles. 
It is also interesting to observe that Pt peaks appear clearly bimodal, independent of 
Pt film thickness. It was conceivable that Pt on MoS2 would show additional XPS peaks 
representing the presence of multiple oxidation states for a thinner film thickness. Instead, 
the shifted and well defined peak doublet, suggests the presence of a single oxidation state 
that is simply shifted due to the degree that the MoS2 support influences the surface Pt 
atoms. 
 
Table 3.1 – Array of Pt/MoS2 samples produced for XPS characterization. 
Base Material MoS2 Film 
Thickness 
Number of SLRR 
Iterations 
Targeted Number 
of Pt Monolayers 
Bulk Ta Foil 30 nm 9 4.5 
Bulk Ta Foil 30 nm 3 1.5 
Bulk Ta Foil 1 nm 9 4.5 
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Comparing the XPS spectra from Mo3d5/2, Mo3d3/2, S2p3/2, and S2p1/2 yields 
additional, valuable information regarding the surface composition (Figure 5). The 
intensity of these peaks from the nine SLRR iterations on 30 nm MoS2 sample is 
significantly lower than the three SLRR iterations on 30 nm MoS2 sample. This signals 
both that (i) the quantity of Pt deposited on the surface is increasing with the number of 
SLRR iterations and (ii) the Pt coverage is uniform across the substrate surface. This 
finding is significant since one of the main goals of this work is to synthesize highly wetted 
thin films, and the XPS data discussed is evidence of just that. It should also be noted that 
there appears to be some degree of MoO3 present based on the peak at ~236 eV in Figure 
3.5a. This is likely the result of either the electrodeposition process or XPS. 
 
Figure 3.4 – XPS characterization of Pt on 30 nm and 1 nm MoS2 films on bulk Ta 
foil. (a) Comparison of Pt4f7/2 and Pt4f5/2 peaks for samples synthesized with nine 
iterations of SLRR on 30 nm MoS2, nine iterations of SLRR on 1 nm MoS2, and 3 
iterations of SLRR on 30 nm MoS2. (b) Pt4f7/2 and Pt4f5/2 peaks for sample 




3.3.3 Electrochemical Characterization 
Cyclic voltammetry was used to evaluate the material after Pt deposition. A 0.1 M 
H2SO4 electrolyte solution was used and purged with N2 before testing. The potential could 
not be increased enough to oxidize Pt without damaging the MoS2, and therefore, the 
success of Pt deposition was confirmed by presence or absence of hydrogen “waves”. 
Figure 3.6 provides an example voltammogram from this type of characterization. 
 
Figure 3.5 – XPS characterization of Mo and S from samples listed in Table 3.1. (a) 





Electrocatalytic characterization was carried out by running HER in a three-electrode 
cell filled with 0.1 M H2SO4. One proposed reaction pathway for the HER reaction 
consists of four steps (Equations 3.1, 3.2, 3.3, and 3.4) (subscripts A represents a lower 
energy surface site and subscript B represents a higher energy surface site). [64] For this 
experiment LSV was performed at a starting potential of 0.3 V (vs Ag/AgCl) with a sweep 
rate of 20 mV/s. The comparison between samples produced with Pt on 5 nm, Pt on 30 nm 
MoS2, and Pt foil (Error! Reference source not found.) yields some interesting i
nformation regarding the influence of MoS2 on Pt overlayers. It appears that the 
concentration of available MoS2 edge sites influences the performance of Pt-ML/MoS2 as 
a catalyst for HER. This finding provides helps to confirm that Pt is being deposited at the 
edge sites of MoS2 and not the basal planes.  
Figure 3.6 – Cyclic voltammogram for MoS2 film of thickness 30 nm with Pt deposited 
on the surface through six iterations of SLRR. Sweep rate was 50 mV/s and reference 
electrode was Ag/AgCl 
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 𝐻+ + 𝑒− ⇌ 𝐻𝑎𝑑𝑠,𝐴 (3.1) 
 𝐻𝑎𝑑𝑠,𝐴 → 𝐻𝑎𝑑𝑠,𝐵 (3.2) 
 2𝐻𝑎𝑑𝑠,𝐵 → 𝐻2 (3.3) 
 𝐻𝑎𝑑𝑠,𝐴 𝑜𝑟 𝐵 + 𝐻
+ + 𝑒− ⟶ 𝐻2 (3.4) 
 
Furthermore, it appears that HER performance varies greatly with the amount of Pt 
deposited, but only about 4 monolayers of precious metal are necessary before catalytic 
performance mirrors bulk Pt foil. Comparison of Tafel slopes agrees with this assessment 
(Figure 3.7). The reaction kinetics of the sample synthesized by nine iterations of SLRR 
on 30 nm MoS2 match those of Pt foil. The kinetics of HER on the samples synthesized 
with three iterations of SLRR are clearly different, based on the Tafel slopes, but the 
overpotentials vary greatly between the two samples. This is likely a consequent of fewer 
available edge sites on the 5 nm MoS2 sample compared to the 30 nm sample. The change 
in Tafel slopes may also indicate a change in the rate limiting step for the HER reaction 
pathway. Chen et al. suggest that surface diffusion of Hads can take the place of H2 






Figure 3.7 - Tafel plots comparing catalytic activity catalysts for the HER. Catalysts 
consist of Pt foil, and variations of Pt on MoS2. 
Figure 3.8 - HER comparison of between samples of Pt on 5 nm and 30 nm MoS2 
films, Pt foil, and 30 nm MoS2 without Pt. The electrolyte solution contained 0.1 M 
H2SO4 and a sweep rate of 20 mV/s was used. 
 58 
Table 3.2 – Comparison of Tafel slopes for HER reaction on various catalysts 
Sample Types Tafel Slope (V/decade) 
Pt Foil 0.0388 
3 Iterations SLRR on 5 nm MoS2 0.1283 
3 Iterations SLRR on 30 nm MoS2 0.1031 
9 Iterations SLRR on 30 nm MoS2 0.0383 
 
3.4 Summary 
These results indicate that SLRR can be applied for deposition of well dispersed Pt 
films at the exposed edge sites of MoS2. Additionally, the chemical state of Pt on MoS2 
can be tuned as a function of Pt layer thickness, with the targeted 4.5 Pt-ML possessing a 
chemical state similar to bulk Pt and thinner Pt films acting more cationic. Characterization 
of catalytic performance endorses the finding that interaction between Pt and MoS2 tunes 
electric and chemical properties of Pt, since thicker Pt films on 30 nm MoS2 performed 
similarly to Pt foil in terms of HER activity. Hence, SLRR can be utilized for the precious 
control of Pt loading on the surface of MoS2 and fine-tuning of the catalyst’s activity. Both 
of these being highly sought-after characteristics in the area of electrocatalysis. That being 
said, additional work is needed to observe the manner in which Pt deposits on the MoS2 
surface. It is unclear, based on these findings, whether Pt is going down in atomically thin 
films or more of nanoparticle films.  
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CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS 
4.1 Conclusions 
This work presents pathways, based on SLRR, for depositing Pt nanostructures on 
two distinct substrates. The first, a graphene foam with and without a Ni interior showed 
potential for Pt-ML growth and opens the door for synthesizing enhanced nanostructured 
catalysts in a 3D way. This work has shown that the enhancement in activity over that of a 
commercial Pt/C catalyst is derived from the metal ligand effect between the Ni skeleton 
and Pt-ML. This interaction between Ni and Pt was able to occur despite the presence of a 
graphene capping layer, approximately 1 nm thick, on the Ni surface. Additionally, this 
work presents a method for etching away the Ni interior of foam while maintaining Pt-ML 
on the graphene surface. This process offers the potential for incorporation of a new metal 
substrate, delivering a ligand flexible catalyst. 
The second substrate utilized for Pt deposition in this thesis was MoS2 film ranging 
in thickness from 1 to 30 nm. By attempting Pt microstructure deposition on this surface 
via SLRR I attempted to ascertain information on the influence of MoS2 edge sites on 
achieving highly-wetted ML of precious metal as well as its effect on the electronic 
properties of Pt nanostructures. While it is clear that the concentration of available edge 
sites has a dramatic effect on Pt deposition, the exact organization of Pt atoms has yet to 
be discerned. XPS and electrochemical characterization revealed that MoS2 influences the 
chemical state of Pt when the film remains below a certain thickness threshold, but again, 
follow up research is needed to determine if this is an effect of charge transfer or strained 
Pt lattice growth. Overall these results demonstrate that MoS2 can be used as a substrate 
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for tuning the activity of Pt nanostructures as a function of available edge sites and quantity 
of Pt deposited, but additional research is necessary to further investigate the root causes 
of initial conclusions. 
4.2 Future Directions 
There are certainly still some barriers that need to be addressed before introducing 
any of the catalysts discussed in this work into more realistic applications. Determining the 
durability of precious metal monolayers on graphene and MoS2 was outside the scope of 
this work, but is critical in applications with harsh operating environments such as PEM 
fuel cells. There is potential that the Pt-ML would succumb to degradation such as Ostwald 
ripening or dissolution, and even more likely is that dissolution of the Ni skeleton, in the 
case of the 3D graphene catalyst, would occur in low pH environments. [65] All of these 
outcomes, would unquestionably impact the activity of these catalysts in a negative 
manner. 
Important as well, is the follow up work necessary to determine the manner in which 
MoS2 impacts Pt overlayers. Advanced characterization techniques such as TEM, XAS, 
and EXAFS would likely be needed to glean the information needed to ascertain the exact 
manner in which MoS2 influences the Pt electronic structure.  
In addition, this work did not explore the deposition of other precious metals on either 
the graphene or MoS2. It would be interesting to determine whether other metals arrange 
in similar fashions on the surfaces of these substrates and whether the support would have 
an equivalent impact on catalyst performance. There is evidence, in research from other 
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groups, to suggest that Pt is more likely to agglomerate than other precious metals. [28] 
Therefore, other metals may form more uniform ML. 
Finally, the foam structure could use significant optimization. Our work, less focused 
on optimizing the concept, worked with commercially available microporous Ni foams. To 
truly take advantage of the scalability this substrate offers, the Ni branch and foam pore 
size should be altered to allow for the greatest possibly interfacial area without impeding 
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